Introduction
The effect of either anoxia or hypoxia on cochlear potentials has been described as a frequency-independent [10,20,38] decrease in the amplitude and latency of the compound action potential (CAP) [ 1, 2, 10, 11, 19, 20, 24, 38 ], particularly at low input levels [ 10,111; and a diminution of the cochlear microphonic (CM) [2, lo-12,15,18] . Because the decrement of the CAP precedes that of the CM by several seconds, oi even minutes, the conclusion has been that the nerve is more susceptible to hypoxia or anoxia than the outer hair cells [ 1, 2, 10, 11, 18, 37] .
The present study assesses the effects of mild hypoxic stress on these potentials. The results are most surprising and, while at odds with previous reports, consistent with our study [27] of the effects of mild fatigue on these potentials. Since the effects of hypoxia and fatigue are additive [24, 36, 37] , one might have anticipated their observed similarity. Nonetheless, the contradictions between our results and previous reports needed to be resolved in order to elucidate the functional relationship between the outer hair cells and the auditory nerve.
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We believe [25-271 that the low-level CM is generated by outer hair cells while the high-level CM tends to be generated by inner hair cells. In the present study hypoxic changes in the CM as a function of intensity are correlated with changes in the CAP, also as a function of intensity. Thus, in assessing the dependence of the relationship between the CM and CAP at low input levels, we are asking whether outer hair cells influence the function of the auditory nerve-or, at the very least, whether the outer hair cells are more, less or equally as susceptible as the auditory nerve to hypoxia. The former question has received attention due to the sizable losses in behavioral sensitivity and abnormal neural function found in the absence of outer hair cells [6, 8, 9, 16, 29, 35] . The mechanism by which these cells could interact with the auditory nerve is a mystery, since there are no demonstrable connections between them and the 95% majority of fibers comprising the auditory nerve and arising at the inner hair cells . The latter question iterates the discrepancy between the previous hypoxia-anoxia studies, which conclude that the nerve is preferentially susceptible to hypoxia, and studies employing other stressful agents, such as noise exposure [4,6,7,2-11281 or ototoxic drugs [4,5,7,l-3,14,1 that the outer hair cells are inherently more labile.
71, which indicate
In this report the findings of our study of fatigue effects [27 confirm, as well as to extend, the inferences made here.
] will be used to
Methods
The experimental protocol for measurements of CM and CAP in pigmented guinea pigs is described in our preceding paper [27] . Mild hypoxia was created by decreasing the ventilation rate, usually by about 35%. The term, visual detection level (VDL), as used in this paper, refers to the lowest click input level at which the amplified, low-pass-filtered CAP is visually discernable without the necessity of averaging.
Results
The CM intensity function, as we have reported earlier [26, 27] , displays two maxima separated by a 180" cancellation notch when measured l/5 to l/2 octave above the best frequency of a pair of differential intracochlear electrodes. This phenomenon, however, depends on the cochlea's protection from signals which are both continuous (> 1 s) and intense (> 85 dB sound pressure level (SPL)). We therefore used tone pulses, shaped as shown in Fig. 1 , to generate CM intensity functions in the present study. Fig. 1 also demonstrates the previous findings that: (a) the low-level CM is extremely labile during hypoxia; (b) the CM in the region of the notch overshoots during hypoxia due to the removal of the low-level population of CM generators, which are 180" out of phase with the high-level population; and (c) the CM represented by the second maximum is relatively immune to hypoxia. These results are reversible with normoxia.
Both maxima disappear soon after anoxia is initiated, indicating that the responses are biologic in origin. We have tentatively ascribed the more labile low-level responses to the outer hair cells and the high-level response to the inner hair cells and have presented a theory as to the origin of the 180" phase relationship [25] .
The sorts of changes that occur in the CAP as a function of intensity under these same hypoxic conditions (Fig. 2) are most surprising. At low stimulus levels the N, amplitude reversibly increases, often by as much as 400% during mild hypoxia. The N, waveform is narrowed, and its peak latency is shortened, but its beginning latency is unchanged. However, at high input levels (such as the visual detection level (VDL) + 50 dB) the N, is little changed from its control amplitude or latency. Similarly the high-level CM is relatively unaffected by hypoxia.
A complete workup of a single experiment is shown in Figs. 3-8. Corresponding data for the following hypoxic changes are presented: CAP waveform, CM amplitude, N, amplitude, N, latency, N, amplitude versus N, latency, and N, amplitude versus CM amplitude.
N, enhancement during hypoxia occurs only at low input levels (Fig. 3 , Traces A and B). The overshoot is greatest at the lowest level (VDL -10 dB) and becomes relatively less prominent within 20 dB (by VDL + 10 dB). Nonetheless, as shown by the initial negative deflections of the C traces (which are a display of B -A), this range probably should be considered to extend 30 dB above the CAP resolvable threshold. This extension of range is not apparent in the raw data because the greatest waveform changes occur somewhat before the N, peak. With any overshoot ==p ~ Fig. 2 . Effect of hypoxia on 8000 Hz CAP waveforms at several input levels. Hypoxia was produced by 37.5% reduction in the ventilation rate, and hypoxic responses were measured 12.5 min after hypoxia was initiated. The vertical line indicates the onset time of the l/3 octave band-filtered clicks with a center frequency of 8000 Hz. Dotted lines are the control response waveforms: solid lines are the hypoxic waveforms. Recovery waveforms are not shown, since they are indistinguishable from control waveforms. Unaveraged VDJ., occurred at a click amplitude equal to that of a continuous 35 dB SPL. 8000 Hz signal.
of the N, peak the latency of the peak is also shortened (see also Fig. 6 ). The difference (C) traces also show a peak occurring earlier than the control peak. At higher input levels (above VDL + 20 dB) the CAP neither overshoots nor has a shortened latency. To the contrary, latency may actually lengthen, and the N, amplitude be somewhat ~minished. The effect of hypoxia on the bimodal CM intensity function is quantitated in Fig. 4 . The loss of microphonic sensitivity would seem small if plotted as a log-log presentation. However, the diminution of the CM is sizable (approximately 68% up to 63 dB SPL). The responses at higher levels are relatively unaffected.
Hypoxia more than triples the N, amplitude at threshold (Fig. 5, lower panel) . In seeming contrast to the CM amplitude changes, which are constant as a function of intensity, the percent changes of N, amplitude are a decreasing function of intensity up to VDL + 10 dB. This relation also applies to the integrated areas of N, before and during hypoxia (lowei panel). In essence these data seem to indicate that a group of neurons are enabled.by mild hypoxic stress to fire synchronously, whereas they were either silent or asynchronous in the control condition. However, this prospect does not apply at higher input levels, since the N, amplitude and N, integrals, like the CM, appear quite uninfluenced by the level and/or duration of exposure used here. N, latency decreases at low input levels during mild hypoxia (Fig. 6 ). Below VDL + 10 dB N, latency is earlier by a constant 0.18 ms during hypoxia, while modal latency (bottom panel) is earlier by about 0.15 ms. At higher input levels both indexes are quite normal. The modal latency, unlike the peak latency, is sensitive to the fact that (a) the greatest relative increase in N, amplitude occurs prior to the N, peak, and (b) N, width decreases during hypoxia. Despite this possible advantage of using the modal latency, the peak latency will be used throughout this paper, largely to facilitate comparison with the results of our study of acoustic fatigue [27] .
Since hypoxia both increases the amplitude and decreases the latency of low-level CAP one might anticipate that the relationship between N, amplitude and latency is experimentally unchanged by hypoxia over the entire intensity range. This, however, is not the case. As an example, Fig. 7 demonstrates that when the amplitude is less than 100 pV, hypoxic latency is inordinately short compared to amplitude *. At higher 'amplitudes the relationship is, by contrast, little changed by hypoxia. These sorts of data imply that the underlying basis of CAP waveform changes is dissimilar to that underlying the changes (increased amplitude/decreased latency) caused by simply increasing the input level.
A relationship between the magnitudes of the CAP and the CM can be constructed from the data in Figs. 4 and 5 as shown in Fig. 8 . Here again the effect of hypoxia is clearly dualistic, different at high than at low intensities. At low intensities the deterioration of the CM and the concomitant increase in the CAP enhances the CAP/CM ratio. In contrast, hypoxia leaves this ratio virtually unchanged for response at high input levels.
As hypoxia becomes more severe, the N, amplitude overshoot becomes larger at low intensities, and the low-level CM becomes successively smaller (Fig. 9) . The CM and CAP responses at the highest input levels remain quite resistant to this experimental manipulation, although the N, is slightly subnormal in each instance above 90 dB SPL. These results are fairly consistent with our earlier report [27] regarding the effect of increasing levels of fatigue caused by exposure to an intense pure tone. With severe hypoxia the CM decrease becomes increasingly pronounced and eventually involves the entire intensity range, while the N, becomes subnormal at all intensities, but particularly at low intensities (data not shown). The increasing intensity range of N, overshoots as hypoxia worsens (Fig. 9) was not a consistent finding in the present study, so its importance is uncertain. In the experiments reported here hypoxia was generally produced by a 35-40% reduction in the ventilation rate. Responses were usually measured at least 10 min after the initiation of hypoxia. The reason for this constraint is shown in Fig. 10 . As the duration of hypoxia increases, the percent overshoot of the low-level N, also increases until S-10 min after the initiation of hypoxia. Thereafter the percent overshoot remains constant for l-2 h. However, if hypoxia is more severe, the overshoot deteriorates with time. The high-level N, shows very little effect from hypoxia, nor is there any significant change as the duration increases (lower panel).
The maximum effect of hypoxia on latency is more immediate than in the ease of the N, amplitude overshoot. About 2 min after the initiation of hypoxia the decrease in latency has stabilized at about 0.06 ms (Fig. 10, top ms) is less than the latency change during hypoxia for the responses to the 4ooO Hz response shown in Fig. 6 (0.18 ms) . The effect is thus frequency dependent.
The frequency dependence of the shifts in latency during hypoxia can be seen readily in Fig. 11 . how-frequency clicks exhibit a greater decrease in latency than hid-frequency clicks. At 16000 Hz there is no latency shift in spite of the usual N, overshoot, while at 8000 Hz there is a 0.75 ms decrease, at 4000 Hz a 0.11 ms decrease, and at 2000 Hz a 0.24 ms decrease.
The slope of the magnitude of latency shifts as a function of frequency is Fig. 9 . Effect of various subnormal ventilation rates on N, and CM at 4000 Hz. All measurements were made at least 10 min after hypoxia was initiated. line in Fig. 12 may be somewhat less than in the ideal animal, but it was considered important to show the central tendency of these intercepts. The regression line indicates that no latency shifts due to hypoxia occur at the VDL at frequencies above 13500 Hz (Fig. 12) , although there are amplitude overshoots at these very high frequencies, with a concomitant but slight decrease in the width of the CAP (Fig. 11) . The slope of the regression, which is a more dependable index of the relationship between latency shifts and frequency, is 0.073, with a standard error of t0.006 (Fig. 12) .
Discussion
In a previous study [27] we examined the effect of pure-tone fatigue on the CM and the whole-nerve CAP. The present study examines the effect of hypoxia on these potentials. Certain differences between the two studies required a modification of the experimental protocol, as well as interpretation: (1) Hypoxia compromises the entire cochlea, whereas pure-tone fatigue affects only a limited region. (2) Hypoxic effects are readily reversible, but fatigue effects are irreversible for the short term, i.e., 2-3 h. (3) Increasing the severity of hypoxia or fatigue increases the amount of pancochlear debilitation, but increasing the severity of fatigue may also enlarge the affected region. (4) Hypoxic effects stabilize after 10 min, whereas mild fatigue effects lessen with time after exposure.
The major effect imposed on experimental protocol by these differences has been the manner of assuring that one or the other stressful agent was the sole source of debilitation. In the fatigue study we required continued normalcy of CAP elicited by low-and high-frequency clicks while monitoring changes in both the CM and CAP evoked in the mid-frequency range. In the present study we have required that all changes in the potentials be fully reversible to prehypoxic values when the normal ventilation rate is restored.
A second consideration has been the different limitations imposed on interpreting cross-frequency changes in the potentials in the two studies. Nonetheless, because the effects of the two stressful agents on the CM and CAP are basically the same, results from the two studies can be used to complement and extend one another. In this discussion we shall review the points of agreement, examine the unique findings from the present study, and draw inferences by combining the observations of both studies.
At frequencies below about 13500 Hz the CM and the CAP behave in the same dualistic manner after hypoxia as they do after fatigue. Near threshold the CM is diminished, while the CAP is supranormal with a shortened latency. At moderate to high input levels both potentials remain apparently normal. The enhancement of the low-level CAP is greatest at the resolvable threshold and ceases to exist at about 30 dB above that level. By contrast the CM is always diminished by a constant percentage at low levels. As in the fatigue study, the relationship between N, amplitude and latency is altered by hypoxia in the low-intensity region in a manner such that latency is inordinately shortened relative to amplitude. The relationship between CM and N, amplitude is likewise altered at low intensities in a way that enhances the N, /CM ratio. Increasing the severity of hypoxia increases the percent CM debilitation and the magnitude of the CAP enhancement, although without affecting the CAP latency shift. However, when the hypoxia is very severe (respiration rate -=z 50% of normal), the CAP near threshold becomes subnormal and exhibits a lengthened latency. At the same time the magnitude of both potentials at moderate to high input levels becomes subnormal.
Considering these numerous points of agreement, the conclusion is inescapable that the same physiologic event underlies the observations of both studies. Moreover, the agreement between the observations in the two studies strengthens some of the previous conclusions. For example, we surmised earlier that inadvertent increases in SPL were not responsible for the CAP enhancement [25, 26] ; in this study the reversibility of the effects (after a return to normoxia) substantiates that claim. Again, the agreement lays to rest any possibility that the enhancements noted in the fatigue study were simply due to recovery phenomena or to a debilitation which spreads to increasingly more basal regions with added severity of stress. The reason for this assurance is that hypoxia, unlike fatigue, is static (as long as it precedes measurements by at least 10 min) and may be assumed to involve the whole organ of Corti without a regional bias as the severity of stress is increased.
The ubiquitous cochlear impairment due to hypoxia, unlike the regional fatigue effects, permits an evaluation of the influence of outer hair cell impairment on CAP elicited by clicks of various center frequencies. We found that hypoxia affects only one parameter as a function of stimulus frequency: N, latency is shortened at the VDL at a rate of 0.073 ms/octave at frequencies below 13500 Hz. That is, CAP elicited by low-frequency clicks exhibits a much greater latency shift due to hypoxia. At frequencies higher than 13500 Hz latency is unaffected by moderate hypoxia, although the N, overshoots continue to occur. These data are consistent with the notion of a shift to a more basal location of the predominant neural activity. Such a shift would result in decreased latency due to the shorter cochlear travel time to a more proximal location. It is also consistent that high-frequency responses do not exhibit latency shifts; the concept of a basalward shift of the excitation region has no meaning so close to the proximal end of the cochlea.
Observations from both studies can be appropriately combined to elucidate certain cochlear processes. There is little doubt that both fatigue and hypoxia debilitate the outer hair cells. The low-level CM, a potential derived from outer hair cells, is increasingly di~nished by increasing the severity of either pure-tone exposure or hypoxia. Moreover, the inner hair cells and/or the radial fibers are affected by these stressful agents, inasmuch as the CAP is enhanced and has a shortened latency. Are these events independent and coincidental, or are they dependently related?
The fatigue study demonstrated that the CM diminutions and CAP overshoots at low input levels are similarly tuned after pure-tone exposure. Both studies indicate that these CM and CAP alterations occur within similar intensity ranges, and both studies show that the magnitude of amplitude alterations of the CM and the CAP increase together (although in opposite directions) with added severity of either hypoxia or fatigue. These correlations point to a dependent relationship between the function of the outer hair cells and the whole-nerve CAP at low input levels. Yet these observations can be made only at low input levels, an unusual circumstance which suggests that the outer hair cells have a limited dynamic range and are more labile than inner hair cells. Certainly, in view of the CAP overshoots, the inner hair cells are not impaired by moderate exposure to these stresses. Nor, as we show below, do the inner hair cells appear to be enhanced by stress.
In the fatigue study we suggested that high-level microphonic potentials tend to be generated by inner hair cells. Here we have shown that the high-level microphonic potential, like the high-level CAP, is unaffected by the moderate levels of stress being used. It appears that neither the nerve nor the inner hair cell is directly affected by the levels of stress employed in our studies.
The most persuasive evidence that mild hypoxic effects on the nerve are indirect derives from the demonstrations that the latency decreases are frequency-specific. There is no anatomic or physiologic reason to believe that auditory neurons differ in their inherent frequency responsiveness.
All of these observations support the hypothesis that a precocious debilitation affects outer hair cells (heralded by a diminution of the low-level CM) and enhanced the low-level whole-nerve CAP while shortening its latency. We view these effects as a disinhibition and infer that one function of intact outer hair cells is to inhibit a basalward group of inner hair cell-radial fiber units.
Perhaps the most bothersome aspect of this conclusion is that much of the data on which it is based resembles the effect of a simple increase in the SPL. An increase in intensity causes an increase in the amplitude of the CAP and a shortening of latency, which is most pronounced at low frequencies. However, increases in intensity effect changes in N, latency and amplitude mechanically by increasing the basilar membrane's amplitude, thereby bringing additional basalward receptor units to a threshold amplitude of disturbance. Nevertheless, we do not believe that the hypoxic or fatigue effects under discussion are mechanical, although the intensity effects are.
That hypoxia operates mechanically is unlikely for several reasons: (1) The CM is decreased, not increased as one might anticipate with increased basilar membrane amplitude. (2) The relationship between N, latency and N, amplitude during hypoxia or after fatigue is inconsistent with their relationship due to an increase in the input level. This discrepancy is illustrated by Table I , which is derived from the same data as were used to construct Fig. 7 . (3) The percentage by which the N, amplitude changes is a graded function of the stimulus input level or of the ventilation rate (inverse functions), whereas N, latency changes occur in an all-ornone, jumpwise fashion. A related observation is that the latency shift stabilizes within 2 mm after a subnormal ventilation rate is established, while the N, continues to grow for about 10 min. These data are inconsistent with the events occurring when the input level is raised and are probably inconsistent with any other mechanical event.
The tuned nature of the CAP overshoots after pure-tone fatigue also implies a nonmechanical mechanism. The CAP elicited by very low frequency clicks remain might be the target of disinhibition. The hypoxia study eliminates that possibility, since there is a pancochlear debilitation of outer hair cells, evidenced by a frequencyindependent loss of CM amplitude at low levels. The remaining possible targets include the inner hair cells, the synapse between the inner hair cells and radial fibers, or the radial fibers. Since neither hypoxia nor fatigue causes a change in the amplitude of the high-level CM, which we ascribe to inner hair cells, we tend to believe that the inner hair cell is not the target. Nonetheless, an increased sensitivity of the inner hair cell would not necessarily result in an enhanced CM. Since the latency of the start of the whole nerve CAP, as opposed to the latency of its peak, does not seem to be changed by mild hypoxia or fatigue and since the beginning latency of the CAP is probably sensitive to synaptic delay (as well as travel time), we tend to believe that the target is not the synapse. We therefore suspect that outer hair cells inhibit radial fibers directly through depolarizing d.c. potentials, which must, to fit the theory, spread preferentially in the basal direction.
One of the most puzzling aspects of these two studies is the apparent lack of reported behavioral correlates. Why does hearing not improve after mild fatigue or during hypoxia? These data, after all, suggest a neural sensitization. But to consider whether the neural correlate of perception is the absence of firing seems less worthwhile than to reexamine whether there is not a transient improvement of behavioral threshold during mild hypoxia or fatigue. This possibility is suggested by the hypersensitive rebound of hearing during temporary threshold shift. Our data are perfectly consistent with either a temporary or permanent loss of hearing after severe acoustic exposure. We have shown that both neural and receptor potentials are diminished by severe fatigue or hypoxia, particularly at low input levels. If it is someday found that mild versus severe cochlear stress exerts the same dichotomous effect on behavioral threshold as it does on the CAP at threshold levels (i.e., an enhancement after mild stress by a disproportionate diminution after severe stress), the cochlear histologist may take heart. The present observations might then help to explain why histologic assessments of hair cell lesions do not correlate well with behavioral and neural assessments of impairment as a function of frequency.
